ABSTRACT Ornithodoros hermsi Wheeler (Acari: Argasidae) is the vector of Borrelia hermsii, the primary cause of tick-borne relapsing fever in North America. This tick is one of the smallest Ornithodoros species involved with the biological transmission of spirochetes; yet, the amount of blood ingested while feeding is unknown. Therefore, we determined the amount of blood O. hermsi ingested during a bloodmeal to establish its potential for spirochete acquisition while feeding on an infected host. Ticks at different developmental stages were weighed before and after feeding and the volume of blood ingested was calculated. Females ingested the most blood, averaging Ϸ15 l per meal, but late-stage nymphs took in the most blood in proportion to unfed body weight. A cohort of nymphs was weighed three more times during the 48 h after feeding, which demonstrated that O. hermsi may have excreted coxal ßuid ranging from 24 Ϫ36% of the bloodmeal weight. We also developed a quantitative polymerase chain reaction method to determine the number of spirochetes ingested and maintained within the ticks after feeding. The density of spirochetes in ticks having just engorged was slightly less than in the hostÕs blood. In the Þrst 5 d after feeding, the number of spirochetes within the ticks declined from the number initially ingested but then remained constant through 15 d. These observations establish a basis for future studies to determine the minimum number of spirochetes required in the hostÕs blood to allow O. hermsi to become persistently infected and transmit during subsequent bloodmeals.
Ornithodoros hermsi Wheeler (Acari: Argasidae), an argasid ("soft") tick of the western United States and southern British Columbia, transmits the spirochete, Borrelia hermsii, the primary cause of tick-borne relapsing fever in North America (Dworkin et al. 2008) . The tick feeds upon small mammals such as squirrels, chipmunks, and mice whereas humans are accidental hosts (Wheeler 1943) .
Ticks acquire B. hermsii when they feed upon an infected, spirochetemic host. After tick feeding, the spirochetes disseminate through the midgut wall, invade the hemocoel, and establish a persistent infection in the salivary glands (Schwan and Hinnebusch 1998) . During feeding, the tick transmits the spirochete quickly from the salivary glands to the host, possibly beginning as early as the Þrst 30 s of attachment Wheeler 1936b, Davis 1955) , but the temporal dynamics of transmission are not known.
Unlike ixodid ticks, O. hermsi proceeds through two to Þve nymphal stages, molting between each stage, before maturing into either a male or female adult tick, which feed multiple times in a life span (Herms and Wheeler 1936a) . O. hermsi is the smallest of the Ornithodoros species involved with relapsing fever in North America (Cooley and Kohls 1944) and feeds quickly, 15 min to 2 h, depending on the developmental stage and variation among individual ticks. The adults may feed on blood every few to several months but can survive in the laboratory for up to 7 yr Wheeler 1936a, Wheeler 1943) .
Water and ion balance is maintained in argasid ticks by the coxal glands, which are found between coxae one and two near the ventral surface of the tick (Balashov 1972) . Excess water and salts are excreted from the glands during and/or shortly after feeding depending on the species of tick. O. hermsi reportedly excretes very small amounts of coxal ßuid during feeding, which crystallizes rapidly upon contact with air (Herms and Wheeler 1936a) .
Our study determined the amount of blood ingested by different stages of O. hermsi and how much coxal ßuid may be excreted after feeding. By determining the bloodmeal size, we could predict the number of spirochetes acquired when ticks feed on an infected host with a known density of circulating spirochetes. We also developed a quantitative PCR (QPCR) method to determine the number of spirochetes the ticks ingested compared with the predicted value cal-culated from the size of their bloodmeal. This information will aid in determining the minimum number of spirochetes required to establish a persistent infection in ticks and elucidates some of the basic biology of O. hermsi, one of many vectors of a global disease.
Materials and Methods
Ticks. Ticks for our studies came from three uninfected colonies of O. hermsi maintained at the Rocky Mountain Laboratories that originated from ticks collected from Siskiyou County, CA (SIS), Wild Horse Island, Flathead Lake, Lake County, MT (WHI), and from an unknown geographic origin that has been at the laboratory for many years (RML). Larval, Þrst through third stage nymphs, and adult WHI ticks were used as well as late-stage nymphs and adults of the other two colonies. Groups of ticks in each colony were kept separately in 12-or 50-ml ventilated tubes with Þlter paper to absorb excess ßuid and stored in closed glass jars held at 22Ð25ЊC with 85% RH by using a saturated KCl solution (Winston and Bates 1960) .
Tick Weighing and Feeding. Weights were determined for unfed O. hermsi ticks in various stages of their life cycle. In total, 721 nymphal and adult ticks were weighed: 475 nymphs, 129 males, and 117 females. Of those ticks, 644 ticks fed and were reweighed: 437 nymphs, 102 males, and 105 females. Ticks were weighed individually, except for the unfed larvae, on a Sartorius Semi-Micro SC-2 electronic balance (Sartorius AG, Goettingen, Germany), accurate to 0.0001 mg. The postlarval ticks were weighed in a plastic cap from a 1.5-ml tube to prevent them from walking off the balance. Ninety-six unfed larvae were weighed together in a snap-cap tube and the average weight was determined for one unfed larva. Next, the ticks were placed into separate containers each holding one 3Ð7-d-old neonatal RML strain mouse (a closed colony used at the RML since 1937 that originated from outbred Swiss-Webster mice). The containers were plastic jars with a lid, a Þne mesh-covered air hole on the side, and plaster of Paris on the bottom (Endris et al. 1986 ). The containers holding a mouse and tick were placed into a dark 34ЊC incubator for 1Ð2 h, after which the fully engorged detached ticks were weighed again. The larvae that fed (n ϭ 79) were then weighed individually and compared with the average weight of an unfed larva to estimate the amount of blood ingested. Those ticks that did not feed were excluded from further analysis. Coxal Fluid Excretion. Multiple nymphal stages (n ϭ 183) of each tick colony were weighed after feeding and again Ϸ3, 24, and 48 h later. Also, 44 female and 52 male ticks (RML and SIS) were weighed again 24 h after feeding. Between measurements, the engorged ticks were kept individually in 1.5-ml ventilated snap cap tubes with tissue paper in the bottom and stored in closed glass jars held at 22Ð25ЊC with 85% RH.
Quantification of Spirochetes by QPCR and Microscopy. Three adult RML mice were inoculated by intraperitoneal injection with 3 ϫ 10 5 B. hermsii DAH, a strain isolated in 1991 from a human relapsing fever patient. Each mouse was bled once a day for 12 d, while anesthetized with isoßurane by nicking the tip of the tail and expressing blood from the tail vein. Ten microliters of blood was put into 190 l of SideStep lysis and stabilization buffer (Agilent Technologies, Santa Clara, CA) for QPCR (see below), and 2.5 l was spread evenly within a 9.5-mm-diameter circle etched into a glass slide for microscopy. The dried blood samples on microscope slides were stained with Giemsa, and spirochetes were counted in 25 Þelds at 600ϫ (one Þeld ϭ 0.053 l of blood) with an Eclipse E800 microscope (Nikon, Tokyo, Japan). The QPCR samples were further diluted (10 l of sample into 90 l of water), and 3 l of this preparation were used in the QPCR reaction. QPCR was performed using the Stratagene Brilliant II QPCR master mix and protocol (Stratagene, La Jolla, CA). The primers (forward, 5Ј-AAGTCAGCTGCTCAAAATGTAAA-AAC-3Ј; reverse, 5Ј-CAGCTAGTGATGCTGGTG-TGTTAAT-3Ј) and probe (5Ј-TTTGCGGGTTGC-ATTCCAAGCTCTT-3Ј) were designed to the B. hermsii flaB gene with Primer Express software, version 2.0 (Applied Biosystems, Foster City, CA) and purchased from Applied Biosystems. The probe was labeled with the VIC reporter at the 5Ј end and the TAMRA quencher at the 3Ј end. AmpliÞcations and detection were performed with the ABI Prism 7700 detection system (Applied Biosystems) with one cycle of 50ЊC for 2 min and 95ЊC for 10 min followed by 55 cycles of 95ЊC for 15 s and 60ЊC for 1 min. The number of spirochetes per milliliter of blood was calculated by both methods for each day after inoculation. The correlation of the numbers of spirochetes determined by QPCR and microscopy was graphed in Excel (Microsoft, Redmond, WA), and the correlation coefÞcient was calculated for the results of the two methods.
Two standard curves were constructed for analysis of QPCR results, a blood standard curve and a fed tick standard curve. Spirochetes for the standard curve were grown in mBSK-c medium (Battisti et al. 2008) , and concentrations were calculated with a PetroffHauser counting chamber (Electron Microscopy Sciences, HatÞeld, PA). The cultures were centrifuged and suspended in phosphate-buffered saline (PBS)-MgCl 2 in serial dilutions from zero to 1 ϫ 10 9 spirochetes per ml. Uninfected, engorged second stage nymphal ticks (SIS) were ßash-frozen in liquid nitrogen and crushed with pestles in microcentrifuge tubes. The uninfected, engorged ticks and uninfected mouse blood, collected from the tail vein, were diluted separately to 1:20 in the lysis and stabilization buffer. Each dilution was then split into six 28.8-l aliquots of which 3.2 l of the appropriate spirochete dilution was added to reach the Þnal concentrations of 1 ϫ 10 8 to 1 ϫ 10 4 and zero spirochetes per milliliter. These preparations were further diluted 1:10 in sterile, distilled H 2 O of which 3 l were used as the template for the QPCR reaction; each sample was tested in triplicate. The standard curves were created by plotting the CT value from the QPCR reaction versus the spirochete concentration within the aliquots and a best-Þt line and equation were determined in Excel (Microsoft).
Quantification of Spirochetes in
Ticks. An RML mouse was intraperitoneally injected with 2 ϫ 10 8 spirochetes in 200 l of PBS with 5 mM MgCl 2 . The next day, an adequate spirochetemia within the mouse was obtained. Twenty second-stage nymphal ticks (SIS) were weighed and tracked individually while they fed on the infected adult mouse anesthetized by ip injection of Nembutal (pentobarbital). Blood was obtained from the mouse by tail clip while it was anesthetized, and the blood was diluted 1:20 in lysis buffer. All ticks were weighed again within 1 h of feeding. Five of the 20 ticks were immediately frozen at Ϫ80ЊC (day 0), and the remaining 15 ticks were stored individually in microcentrifuge tubes as outlined above. At 5, 10 and 15 d postfeeding, Þve ticks each were weighed again and frozen. This was performed in triplicate with three separate mice on different days, and after all 59 ticks (one tick did not feed) were frozen, QPCR was performed on them. Infected ticks and blood were prepared and analyzed for QPCR similar to the control samples, except that no aliquots were made before diluting them in water.
Calculations and Statistics. The difference between the tickÕs weight before and after feeding determined the weight of the bloodmeal. To determine the volume of blood ingested by each tick, the calculated bloodmeal weight was divided by 1.057, the speciÞc gravity of mouse blood (King 1942) . For example, a weight increase of 15.000 mg is equivalent to a bloodmeal volume of 14.191 l. The equations for percentage of increase in body weight due to feeding and the percentage of blood weight lost as coxal ßuid are listed below: % increase in body wt from feeding ϭ [(fed wt Ϫ unfed wt) Ϭ unfed wt] ϫ 100 % blood wt lost as coxal ßuid
The concentration of spirochetes in each tick was calculated from the equation determined from the tick standard curve and the volume of each tickÕs bloodmeal. The concentrations of spirochetes in the blood of the infected mice were calculated with the equation determined from the blood standard curve. To determine signiÞcance between spirochete concentrations in ticks and the mouse host they fed upon, the following statistical test was performed. The spirochete concentration in each tick was divided by the concentration in the blood of the mouse, and the mean of the log of these fractions was calculated. This was performed for each biological replicate and a onesample t-test was performed.
The concentrations of spirochetes in ticks immediately after they fed (day 0) were compared with the mouse blood and analyzed by the studentÕs unpaired t-test. The day 0-and 24-h weights as well as the 24-and 48-h weights of the 183 nymphs tracked for coxal ßuid excretion also were compared by the studentÕs unpaired t-test. The correlation between unfed tick weight and the volume of blood ingested, and the number of spirochetes determined by QPCR and microscopy were compared using the Pearson correlation test. The other data were analyzed by the one-way analysis of variance (ANOVA) and the NewmanÐKeuls multiple comparison tests. All statistical tests were performed in Prism 5 (GraphPad Software, San Diego, CA). (Table 1) . For example, both male (F ϭ 17.20; df ϭ 2, 102; P Ͻ 0.0001) and female (F ϭ 7.808; df ϭ 2, 99; P ϭ 0.0007) O. hermsi SIS ingested more blood than the adult WHI and RML ticks, even though the SIS adults were not larger before feeding ( Fig. 1; Table 1 ). This difference does not necessarily indicate inherent differences between the colonies but could be due to variation in the length of time between the last previous bloodmeal of the colony. However, for this reason comparisons among the life cycle stages that follow were done only with WHI ticks, which were weighed as larvae, Þrst-through third-stage nymphs, and adults.
Bloodmeal Size of WHI O. hermsi. Female ticks ingested more blood than did the other stages, whereas third-stage nymphs ingested more blood on average than did males (Table 1) . Second and third stage nymphs ingested the most blood in proportion to their unfed weight, and males took in the least (Fig. 2) . The percent increase in body weight due to the bloodmeal for males was 202.6% whereas the Þrst three nymphal stages and females increased in weight by Ͼ500% (Fig. 2) .
All nymphal stages and females, when excluding the two outliers, had a signiÞcant correlation between unfed weight and bloodmeal volume (Fig. 3) . Larger nymphs ingested more blood than the smaller nymphs. In contrast, males had no signiÞ-cant correlation between their unfed weight and the amount of blood ingested (Fig. 3) . Regardless of the size of the male, these ticks ingested about the same amount of blood.
Coxal Fluid Excretion. During the course of the study, O. hermsi seemed to excrete larger amounts of coxal ßuid than previously reported (Herms and Wheeler 1936a,b) . Ticks lost weight during the Þrst 24 h after feeding (t ϭ 4.277, df ϭ 364, P Ͻ 0.0001) but not during the next 24 h (t ϭ 0.5052, df ϭ 364, P ϭ 0.614). The loss of weight due to the excretion of coxal ßuid ranged from 24.1 to 35.8% of the blood ingested (Table 2) . No sign of defecation was found in the tubes or on the tissue paper kept with the ticks overnight, supporting our conclusion that the weight loss was due primarily to the excretion of coxal ßuid.
Quantification of Spirochetes by QPCR and Microscopy. The numbers of spirochetes per milliliter of mouse blood examined during the 12 d after infection were plotted for QPCR and microscopy. The spirochetemias were observed by both methods and yielded strikingly similar estimates of the spirochete densities in blood ( Fig. 4A and B) . Because QPCR was much more efÞcient and less labor intensive than microscopy, we used QPCR to quantify spirochete concentrations in mouse blood and in the tickÕs bloodmeal. Spirochete Acquisition during Tick Feeding. Based on the amount of blood ingested by O. hermsi, we predicted the number of spirochetes that should be acquired by ticks when they feed on an infected animal with a known spirochete density in the blood (Table 3) . For example, a female WHI O. hermsi that ingested an average bloodmeal (mean ϭ 15.85 l; n ϭ 23; SD ϭ 18.27) from a mouse with 1 ϫ 10 6 spirochetes per ml in the blood should ingest 1.59 ϫ 10 4 spirochetes.
Next, we applied QPCR to determine the number of spirochetes actually acquired by ticks that fed on spirochetemic mice. Three groups of ticks (n ϭ 19, 20, and 20) were each fed on a different infected mouse with every tick being weighed before and immediately after feeding. Some ticks were then immediately frozen (day 0), whereas the others were kept alive and frozen on days 5, 10, or 15 after infection. Blood from the infected mice and all the ticks were then tested by QPCR. On day 0, spirochete concentrations within the ticks were lower, although marginally not signiÞcant (t ϭ 3.855, df ϭ 2, P ϭ 0.0612), compared with the concentration of spirochetes in the blood of the mice Fig. 3 . Volume of blood ingested in relation to unfed body weight for multiple nymphal stages and adults of O. hermsi WHI. The asterisks (***, P Ͻ 0.001) signify a significant statistical correlation between unfed body weight and volume of blood (PearsonÕs correlation coefÞcient). The number listed in the legend is the correlation coefÞcient. , outliers. spirochetes (AÐC). The quantities of spirochetes per milliliter of blood were determined by microscopy (blue) and by QPCR (red). Correlation between the numbers of spirochetes in mouse blood determined by microscopy and QPCR (D). r, correlation coefÞcient. they fed upon (Fig. 5) . The concentration of spirochetes within the ticks initially dropped during the Þrst 5 d after infection but not during the next 10 d (F ϭ 16.30; df ϭ 3, 55; P Ͻ 0.0001) (Fig. 6) . These results suggested that the concentration of spirochetes may be diluted during the feeding process, and that the population of B. hermsii is not increasing in its vector, at least during the Þrst 2 wk after acquisition by ticks.
Discussion
Several studies have reported the size of the bloodmeal for Old World argasid ticks compared with the unfed body weight of the species examined. However, comparing our results to data in the published literature is complicated by several factors, which include the unknown or very small sample sizes, unknown stages and sex of the ticks that were fed, when ticks were weighed after feeding in relation to when the coxal ßuid was excreted, and reporting weights after engorgement but with no weights measured before feeding. Lavoipierre and Riek (1955) examined the size of the bloodmeal and coxal ßuid excretion in nine species of soft ticks, but for all but one species only one to seven individuals were observed and the stage and sex were not identiÞed. Hefnawy et al. (1979) examined the bloodmeal of nymphal and adult Ornithodoros savignyi (Audouin), although the number of ticks used was not reported and all ticks were weighed after coxal ßuid had been excreted. Isaac (1977) Khalil et al. (1986) measured the weight of the bloodmeal for only female Ornithodoros erraticus (Lucas), a tick much smaller than O. tholozani, during three successive bloodmeals and found that the average amount of blood ingested varied from 26.9 to 32.7 mg (the third bloodmeal was the largest). Hafez et al. (1971) examined bloodmeals for three nymphal stages of A. arboreus, which averaged 2.87, 6.87, and 14.96 mg of blood for Þrst to third nymphs, respectively. Based on the unfed weights of these ticks, all three species are larger than O. hermsi and they ingested considerably more blood, as would be expected on size alone. In addition, the data presented above are average weights of blood for the cohort examined. For both O. tholozani and A. arboreus, many individual ticks consumed far less or considerably more blood than the average amount calculated.
O. hermsi females, as in other species of argasid ticks, are larger on average than the males and nymphs (Table 1) (Wheeler 1935) . Therefore, as one might have predicted, female O. hermsi imbibed the most blood compared with the other stages, which also was shown for female O. papillipes and O. erraticus (Balashov 1972 , Khalil et al. 1986 ). However, these species are larger than O. hermsi and the females had average bloodmeal weights of 68.09 mg (O. papillipes) and 26.9 Ð31.7 mg (O. erraticus) compared with 16.75Ð 21.49 mg for the females of the three colonies of O. hermsi we examined (Table 1) . Overall, we found a strong positive correlation between the weight of the unfed ticks and the amount of blood ingested; larger individuals consumed more blood (Table 1 ; Fig. 3) ; however, this was not true for males. Regardless of their unfed weight, the males ingested similar amounts of blood (Fig. 3) , which were considerably less than the amounts of blood ingested by females of compa- rable size. Males also consumed less blood compared with many of the third-stage nymphs that were smaller (Table 1; Fig. 3) . In fact, all nymphal stages ingested more blood in proportion to their unfed weights (percentage of weight gain) than did the adults and the males ingested the least amount of blood in proportion to their unfed body weight (Fig. 2) . Balashov (1972) also found that male O. papillipes ingested the least amount of blood in proportion to their body weight (123% gain) compared with the other stages of this species.
Argasid nymphs require a large energy source to support their development through their molt to the next life stage. If a sufÞcient amount of blood is not ingested, nymphs may not molt or they will be smaller, resulting in more nymphal stages before they become adults (Balashov 1972) . Female argasid ticks, as for many other female blood-feeding arthropods, have been referred to as "egg factories" that use the large bloodmeal to produce yolk-rich eggs during each gonotrophic cycle. Generally, female argasid ticks that ingest more blood will produce more eggs (Diehl et al. 1982) , although there is a threshold for the amount of blood ingested, below which no eggs are laid. The fact that O. hermsi males ingested the least amount of blood relative to their size probably reßects their lower nutritional requirements compared with the nymphs and females.
All postlarval stages of argasid ticks excrete coxal ßuid during or relatively soon after their rapid engorgement to eliminate excess water and salts from the bloodmeal and to concentrate the blood nutrients for more efÞcient digestion (Kaufman and Sauer 1982) . Some ticks, such as Ornithodoros moubata (Murray) and Argas monolakensis Schwan, Corwin & Brown, may begin excreting copious amounts of coxal ßuid while still attached to the host , Schwan et al. 1992 . However, when O. hermsi begins to excrete coxal ßuid is unclear. Early investigators of O. hermsi reported that these ticks excrete only minimal amounts of coxal ßuid that crystallize immediately upon contact with air (Herms and Wheeler 1936a,b) . We found only part of this observation is true; O. hermsi excreted very little coxal ßuid at one time. We witnessed this microscopically by placing ticks that had fed 2Ð 4 h previously with their ventral side up. By doing so, we observed extremely small droplets of coxal ßuid that crystallized within a few seconds after appearing at the openings of the pores of the coxal glands. However, these ticks must have excreted coxal ßuid repeatedly over 24 h after engorgement because during this time the fully fed ticks lost 24.1Ð35.8% of their bloodmeal weight without any evidence of other excretory products being eliminated.
Our estimates of the amount of coxal ßuid excreted by O. hermsi as a percentage of the blood ingested are in line with values determined for several other species of argasid ticks: O. papillipes, 17Ð 48% (Balashov 1972) ; O. erraticus, 19.7Ð23.0% (Khalil et al. 1986 ), and 37.4% (Lavoipierre and Riek 1955) ; O. moubata, 35% (Kaufman et al. 1981); and A. arboreus, 25.2% (Hafez et al. 1971) . However, given that we weighed ticks within a few minutes to Ͼ1 h after they completed feeding, our estimates of the amount of blood ingested may be slightly less than what these ticks actually imbibed. Some weight loss due to the excretion of coxal ßuid before them being weighed is possible. Some metabolic or evaporative water loss may have occurred also, but the fed nymphal ticks showed no indication of such loss between days 5 and 15 after engorgement. Although early observations regarding the excretion of coxal ßuid by O. hermsi were partially correct, our data demonstrate that this species does excrete a signiÞcant amount of coxal ßuid similar to values presented by other investigators for other species of ticks. The primary difference is that O. hermsi does not excrete copious amounts of ßuid in only one or a few releases but probably does so with many repeated releases of tiny amounts for many hours after engorgement.
Our interest in how much blood O. hermsi ingested was driven by our broader goal to determine the potential these ticks have to acquire relapsing fever spirochetes when feeding on infected vertebrate hosts. O. hermsi is one of the smallest species of Ornithodoros known to be a vector of relapsing fever-causing borreliae, possibly second only to Ornithodoros sonrai Sautet and Witkowski (Wheeler 1935, Sautet and Witkowski 1944 ). Yet, all stages have high potential to acquire B. hermsii in spite of their small bloodmeal volumes, relative to other ticks, because of the high densities this bacterium can achieve in the peripheral blood (Table 3) (Coffey and Eveland 1967a, b) .
We found that the concentrations of spirochetes in ticks immediately after they had fed were lower than the concentrations of spirochetes in the blood from the mice upon which they had fed (Fig. 5) . These results were only marginally not signiÞcant with the P value close to the P Ͻ 0.05 cutoff. The experiment lacked an adequate number of blood samples, which might have obscured the signiÞcance of these data. However, the numbers of spirochetes predicted to be acquired during feeding were higher than what we observed. The three cohorts of second stage nymphs used in the acquisition experiments (Fig. 5) contained 22Ð 65% fewer spirochetes than we would predict based on the size of their bloodmeals. This difference could be due to several factors. The blood samples from the infected mice were collected from the tail vein by nicking and expressing the blood by hand from the tip of the tail. Spirochete concentrations could potentially vary between the distal part of the tail vein and the capillaries in the skin of the belly where the ticks fed. Such differences in the concentration of spirochetes also may result from regional differences in blood ßow induced by the pentobarbital anesthesia the mice were under when the ticks fed on them (Altura and Altura 1984) . A drug-induced vasodilation could reduce the concentration of spirochetes in the blood vessels. O. hermsi, like all ticks, is a pool feeder, creating a hemorrhage in the dermis at their site of attachment (Sonenshine 1991) . Possibly, spirochetes that escaped from the capillaries into the feeding le-sions were less concentrated than the spirochetes in the peripheral circulation. Furthermore, O. hermsi feed quickly like other species of argasid ticks. Although these ticks are thought to ingest little or no lymph while feeding compared with the hard ticks that feed for many days (Sonenshine 1991) , some lymph ßuid may have been ingested, diluting the bloodmeals and decreasing the spirochete concentrations in the ticks.
Another goal for our future research is to determine the fate of B. hermsii numbers after ticks ingest the spirochetes. In our Þrst attempt presented here (Fig.  6) , we found that the concentration of spirochetes decreased by nearly 86% within the Þrst 5 d after their acquisition by feeding, and then numbers remained stable over the next 10 d. We cannot explain this rather immediate decrease in the numbers of spirochetes early during infection in ticks, but might signify a drop in the number of genome equivalents detectable by PCR. We would anticipate an immediate decrease in the rate of replication of the spirochetes as they switch from a 37 to 21ЊC environment as the spirochetes move from the peripheral blood of the mammal to a tick no longer attached to its host and in a cooler ambient temperature. Although these engorged, second-stage nymphs defecate little this soon after feeding (we saw no evidence during the Þrst 48 h after feeding), some spirochetes might be lost through fecal elimination. Also, some processes associated with digestion of blood in ticks that begin soon after engorgement might produce substances that are partially inhibitory for the survival of spirochetes or for the ampliÞcation of spirochete DNA by PCR.
One of the spirochetal agents of Lyme disease, B. burgdorferi, goes through signiÞcant replication in larval and nymphal Ixodes scapularis Say during and after these ticks feed (Piesman et al. 1990, de Silva and Fikrig 1995) . In this tickÐspirochete association, the bacteria reside in the interstitial spaces of the mammalian hostÕs skin (Sinsky and Piesman 1989) and are then acquired by these slow feeding ticks, inside which the bacteria become mixed with the nutrientrich bloodmeal in the lumen of the midgut, then replicate and decline in numbers during the tickÕs molt (Piesman et al. 1990 ). This transition of a relatively small number of spirochetes from skin to blood-engorged tick contrasts with the rapid acquisition of hundreds to thousands of B. hermsii along with the hostÕs blood in which these spirochetes already reside.
In future studies, we will follow the numbers of B. hermsii in O. hermsi for much longer periods, through the tickÕs molt, and for months beyond. We also will follow spirochete numbers in speciÞc locations to determine the quantity of spirochetes in midgut, hemolymph, and the salivary glands, where in the latter tissues the spirochetes establish a persistent infection to expedite transmission by these fast-feeding ticks (Schwan and Hinnebusch 1998) . We also will use the methods described here to determine the minimum infectious doses that are required for B. hermsii to colonize O. hermsi to allow for transmission during subsequent bloodmeals.
